The essential cost-driving factor for the production of classical photovoltaic devices is the expensive investment in costly semiconductor processing technologies. This unfavorable cost structure has so far prohibited the technology from having a significant impact on global energy production. Nevertheless, the continued high interest in photovoltaics originates from the fact that they represent the only truly portable renewable-energy conversion technology available today. Therefore, the potential of fabricating organic photovoltaic elements on low-cost, thin plastic substrates by standard printing and coating techniques and packaged by lamination is not only intriguing, but highly attractive from a cost standpoint. In this article, we discuss the economic and technical production aspects for organic photovoltaics.
Introduction
The unfavorable cost structure of classical photovoltaic devices has so far prohibited the technology from having a significant impact on global energy production. Nevertheless, the continued high interest in photovoltaics originates from the fact that they represent the only truly portable renewable-energy conversion technology available today. The essential cost-driving factor for the production of photovoltaic cells is the expensive investment in costly semiconductor processing technologies. Therefore, the concept of fabricating photovoltaic elements on thin plastic substrates, manufactured by techniques such as reel-to-reel printing and coating and packaged by lamination is not only intriguing, but highly attractive from a cost standpoint. In order to realize this idea, high-volume production technologies for large-area coating must be applied to a low-cost material class. Solutionprocessable organic and inorganic semiconductors have a high potential to fulfill these requirements. Flexible chemical tailoring allows the design of organic semiconductors with the desired properties, and printing or coating techniques like screen, inkjet, offset, and flexography are being established for semiconducting polymers today, driven by display and general electronic device demands.
Altogether, organic photovoltaics have many attractive features, among them the potential to be flexible and semitransparent; the potential to be manufactured in a continuous printing process;
fabrication by means of large-area coating; easy integration in a wide variety of devices;
significantly reduced costs compared with traditional photovoltaics; and substantial ecological and economic advantages. These features are beneficial for commercialization; however, like their inorganic semiconductor counterparts, organic photovoltaics must fulfill the basic requirements for renewable energy production.
In the energy market, the competitive position of every solar technology is mainly determined by efficiency, lifetime, and cost per Wp (watt-peak, a unit of power output representing the maximum output in watts of a 1 m 2 solar panel at 25ЊC). The potential of organic photovoltaics has to be judged by these three key parameters as well. A product succeeding in only two of these aspects-for instance, competitive cost and reasonable efficiency-will only be able to address niche markets until the third parameter, lifetime, is also optimized. Inorganic solar cells have high efficiencies and long lifetimes, but are expensive to produce. Current organic solar cells are inexpensive to produce, but also have lower lifetimes and efficiencies as compared with inorganic cells. We believe that if organic photovoltaics are able to meet a certain technological profile represented by the optimization of these parameters, there will be substantial freedom for their commercialization.
How can organic semiconductors be successfully implemented into photovoltaic technology? Most organic semiconductors are intrinsic semiconductors, and the primary excitation is a Coulomb bound exciton. Photovoltaic cells made from single organic semiconductors therefore achieve minuscule (Ͻ0.1%) power conversion efficiencies and low (Ͻ1%) incident photonto-current efficiencies or external quantum efficiencies (EQEs). A solution was not found until 1995, when several groups independently showed that the EQE could be enhanced by several orders of magnitude by blending two materials, one with a preference for positive charge and the other for negative charge. [1] [2] [3] For example, solubilized polythiophenes can act as donors and solubilized fullerenes as acceptors. By combining these materials on the nanoscale (ϳ10 nm), the interface is distributed throughout the device. The concept of blending p-type semiconductors with n-type semiconductors has become popular under the term bulk heterojunction composites 2 (see the article by Forrest in this issue). In the following, we will discuss the technological properties of organic photovoltaics with regard to the primary commercial success factors: efficiency, lifetime, and cost.
Efficiency
Efficiency is the essential parameter for solar cells with respect to maximizing energy production and minimizing cost. A low device efficiency demands a larger photovoltaic active area in order to produce the same energy output. A device efficiency of ϳ10% and a module efficiency of ϳ5% are regarded as critical marketentry values. In a device, the entire area is photovoltaically active; when devices are connected to form modules, less of the total area is photovoltaically active due to interconnection requirements, hence the difference between device efficiency and module efficiency. Figure 1 shows a typical current density-voltage curve of a highly efficient polymer-based bulk heterojunction device. Nevertheless, the power efficiency is still significantly below that of inorganic solar cells and is also below the efficiency of TiO 2 /liquid-electrolyte-based solar cells. This raises the question, do polymer-based solar cells have the potential to reach higher efficiencies or is there a fundamental limitation? The high EQE values-exceeding 70% over a broad spectral range-in state-of-the art polymer solar cells demonstrate that transport limitations have been overcome. Thus, the lower mobility of organic semiconductors as compared with inorganic solar cells is not limiting the device performance. A detailed analysis of loss in polymer devices 5, 6 recently revealed that the significant loss observed in these devices is due to diode imperfections and material impurities. Once these limitations are overcome, devices based on the materials used to obtain the data presented in Figure 1 have the potential to reach AM 1.5 efficiencies of close to 5%. Higher efficiencies will demand novel materials, either lowbandgap absorbers (improved short-circuit current density, I sc ) or material combinations with better matched electronic levels (improved open-circuit voltage, V oc ).
Lifetime
Lifetime is the second most important parameter for solar cells. For "low-cost" devices, a lifetime of 3-5 years (operational lifetime of 3000-5000 hours) is regarded as the market-entry point. This lifetime requirement is derived from the typical usability lifetime of electronic goods that could potentially be powered by solar cells. Figure 2 analyzes the lifetime of a polymer-based solar cell packaged between two glass plates. These devices have a shelf life exceeding one year. Temperature-accelerated lifetime tests at 85ЊC are regularly performed to determine the operational lifetime within a reasonable time frame. The relative efficiency, normalized by its initial value, is plotted versus time (i.e., the hours under illumination). A decrease in efficiency of about 20% relative to the starting value was observed within the first 1000 hours, and the 50% level was reached at about 2000 hours. The acceleration factor for degradation due to high-temperature conditions for the tested material combination is still not known, but typical temperature acceleration factors for organic semiconductors in organic light-emitting-diode (OLED) or solar cell applications are between 5 and 15 for the 85ЊC/25ЊC window. These results are certainly encouraging, but further experiments on the stability of these devices under illumination and UV exposure, and especially on the stability of foil-based devices with plastic substrates, are necessary.
Cost
The encouraging development of polymer optoelectronic materials over the last few years has led to the first commercial applications and products (OLED and polymer LED displays); thus, the discussion of suitable production technologies has become increasingly important. Until now, production technologies for traditional silicon microelectronics have been primarily applied to the assembly of new polymer optoelectronic devices. However, the full advantages of polymer optoelectronic materials will only be exploited with very different processing techniques, namely, printing and coating. Since the polymers are processed in the liquid phase, usually as solution, printing techniques are a natural choice for applying and fixing the fluid polymer in a structured way onto a flexible substrate. Essentially, the printing process for functional polymer materials is identical to that of printing ink on paper and foils.
Printing polymer materials is a potential path to low-cost processing of photovoltaics. A simple calculation visualizes this potential: a typical Si wafer production plant with a 30 cm wafer process has a maximum processed area output of ϳ88,000 m 2 per year. A typical printing machine, like a sheet-fed offset printing press (1-3 m/s) or a web offset printing press (15 m/s) can produce the same area out- 
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put in 1-10 hours. Provided that the material costs are low enough, the overall cost reduction realized by the use of printing techniques can be enormous for semiconductor processing.
It is our opinion that printing techniques are the necessary tool for significant cost reduction for photovoltaics. Figure 3 compares the efficiency of printed versus spincoated organic solar cells. It is observed that the average performance of printed solar cells is slightly above the average performance of batch processed spin-coated solar cells. With further emphasis on the improvement of processing techniques, especially with respect to the quality criteria for smooth, homogeneous layer structures with reasonable resolution, printing techniques have the potential to replace discrete processing techniques. Under the assumption that the material costs (including packaging and substrates) will further decrease with scaleup, organic solar cells with a cost structure significantly below USD $1/Wp can be realized. Figure 4 summarizes the market opportunities for organic solar cells. There are still not enough experimental data to speculate on lifetimes beyond five years, which certainly would be necessary to enter the on-grid (devices connected to DC/AC converters) market. However, the market segments with more relaxed restrictions on performance are significant as well and provide enough possibilities for first applications. A necessary requirement for the market entry of these first applications for organic solar cells is sufficient performance with respect to all three of the key parameters-efficiency, lifetime, and cost. Most likely, the first applications will be in consumer electronics, calculators, watches, and sensors, and innovative applications such as mobile phone chargers, photovoltaic cells integrated into clothing, and military applications. These applications may be realized within the next three years. 
Conclusion

